The gonads (testes) act as the primary organ where androgenic hormones are 2 made to regulate reproductive behavior in male vertebrates. Yet many endocrinologists 3 have also long suspected that other tissues in the body can autonomously synthesize their 4 own androgens to support behavioral output. We examine this idea here by studying 5 whether avian skeletal muscles that actuate elaborate socio-sexual displays are 6 specialized to maintain the molecular machinery otherwise needed for de novo androgen 7 synthesis. Our results show that the vocal organ, or syrinx (SYR), of two songbirds 8 species does in fact express all transporters and enzymes necessary to create androgenic 9 hormones from scratch. This includes genes that encode proteins to mediate rate-limiting 1 0 steps of steroidogenesis, which are seldom found outside of the gonads. We also show 1 1 that expression levels of these genes are far greater in the SYR than non-display muscles,
1 0 1 which are the main site of androgen synthesis; (ii) brain, which is a known site of extra-1 0 2 gonadal androgen synthesis; (iii) SYR and/or LC display muscles, and (iv) pectoralis 1 0 3 muscle (PEC), a large non-display muscle that powers locomotion in these species. In both nuthatches and zebra finches, we found significant differences among VI-1). The one exception was zebra finch TPSO, which was highly expressed in 1 0 7 every tissue. Post-hoc analyses of these main effects showed that gonads have the highest 1 0 8 expression of each gene. At the same time, our findings also highlighted that SYR muscle 1 0 9 expresses these genes at similar levels to the brain, another extragonadal site of de novo 1 1 0 steroid synthesis [22] . Gene expression levels in SYR muscle were also significantly 1 1 1 greater than in a non-display muscle, the PEC ( Figure VI-3A cytochrome p450 17 (cyp17, or steroid 17α-monooxygenase) showed an expression 1 1 3 profile in SYR that was lower than in the brain and equal to the PEC. Cyp17 converts 1 1 4 progestins to androgens [37] , its abundance is unlikely to limit the tissue's capacity for 1 1 5 androgen synthesis. Perhaps the most important result of this analysis is that expression patterning 1 1 7 described above applies to both steroidogenic acute regulatory protein (StAR) and 1 1 8 cytochrome p450 family 11 (cyp11a1, or side chain cleavage enzyme). These gene 1 1 9 products mediate the rate-limiting steps of steroidogenesis-StAR transports cholesterol 1 2 0 from the outer mitochondrial membrane to the inner membrane [38] , while side chain 1 2 1 cleavage enzymatically converts cholesterol to pregnanolone [37] . Most extra-gonadal 1 2 2 tissues fail to express either of these genes, rendering them incapable of de novo steroid 1 2 3 synthesis [25] [26] [27] . Thus, display muscle is unique in this regard, as it expresses relatively 1 2 4 high levels of these genes to likely initiate the process of steroidogenesis. One of the marked species differences in the SYR is that the nuthatch expresses 1 2 6 aromatase, while the zebra finch does not (Figure 2A and B; Table 1 ). Aromatase 1 2 7 converts the androgen testosterone to estradiol, meaning that these species likely differ in 1 2 8 the amount of estrogens that the SYR can make. To date, most work suggests that 1 2 9 estrogens play little role in the regulation of the SYR; yet, these results suggest that this 1 3 0 may not be the case for all birds. Notably, both the nuthatch and zebra finch SYR express 1 3 1 5α-reductase, which converts testosterone to a more potent androgenic ligand 1 3 2 (dihydrotestosterone). In a second experiment, we explored the expression profile of these same 1 3 5 androgen biosynthesis genes in the downy woodpecker neck muscle, the LC [39]. This 1 3 6 tissue actuates the birds drum display, which is functionally similar to birdsong but 1 3 7 produced through hammering the bill against a tree (and not via the SYR). We find that 1 3 8 LC muscle expresses all transporters and enzymes necessary for androgen biosynthesis, including the transcripts for both StAR and side chain cleavage ( Figure 2C ; Table 1 ).
4 0
Moreover, each gene is more abundantly expressed in the LC than in the PEC (non-1 4 1 display muscle). The one exception to this pattern is cyp17, whose expression levels are 1 4 2 indistinguishable between the two muscles ( Figure 2C ; Table 1 ). Importantly, this 1 4 3 difference between the LC and PEC may be associated specifically with drumming in 1 4 4 woodpeckers, as no such difference in gene expression profile was present between these 1 4 5 two muscles in the nuthatch. Meanwhile, in the downy woodpecker, transcript levels are typically lower in the 1 4 7 LC and PEC, compared to both the brain and gonad. Expression of StAR is not consistent 1 4 8 with this trend, since its expression is similar between LC and brain. Nonetheless, our 1 4 9 data collectively point to the woodpecker LC as a muscle that maintains a specialized 1 5 0 capacity for de novo androgen synthesis. In a final analysis, we investigated whether muscular expression of androgen 1 5 4 biosynthesis enzymes are linked to muscle use per se [40] . We therefore compared 1 5 5 expression of these genes in the woodpecker LC between the breeding season and non-1 5 6 breeding season. Downy woodpeckers drum far more frequently during the breeding 1 5 7 season, although they do produce occasional drums in the non-breeding season [36] . Thus, if expression of steroid biosynthesis enzymes were associated with display related 1 5 9 muscle use, we would expect a strong seasonality in their expression level. Our data did 1 6 0 not support this hypothesis, in that expression levels of all androgen biosynthesis genes 1 6 1 were indistinguishable between the breeding and non-breeding seasons. We even 1 6 2 confirmed that this assay for seasonal variation in gene expression was robust by 1 6 3 comparing gonads from these same birds ( Figure 3 ; Table 2 ). Indeed, when the testes of 1 6 4 these individuals produce testosterone in the spring, all androgen biosynthesis genes are 1 6 5 more abundantly expressed than during the winter when the gonads are regressed. These data are therefore consistent with a model in which muscle "activity" does not guide the 1 6 7 expression of the steroid biosynthesis machinery in the myocyte. Androgenic steroids can act via skeletal muscle to mediate many elaborate social 1 7 1 displays that animals use for courtship and competition [29, 30, 33] . Our current study 1 7 2 uncovers an important new dimension to this process by showing that select muscles that 1 7 3 govern such behavior are likely specialized for de novo androgen synthesis. This means 1 7 4 that the muscle can make its own androgenic hormones, and thus allow steroidal axis. We provide several lines of evidence to support this idea. First, two different display 1 7 7 muscles-the songbird SYR and the woodpecker LC-express all the transporters and 1 7 8 enzymes necessary to convert cholesterol into bioactive androgens. This includes the 1 0 expression of the genes that encode StAR and side-chain cleavage, which underlie the 1 8 0 rate-limiting steps of steroid biosynthesis [37] and are typically absent in extra-gonadal 1 8 1 tissue [25] [26] [27] . Second, expression levels of these genes are relatively greater in display 1 8 2 muscles compared to a non-display muscle, and they even match levels in the brain (a year. This stands in contrast to the gonads, where transcript levels drop during the non- muscle to make its own androgens is likely a constitutive property of the tissue itself, To our knowledge, our study is the first to indicate that skeletal muscle maintains 1 9 3 the molecular machinery necessary for de novo androgen synthesis. Moreover, this study 1 9 4 is also the first to suggest that this capacity is specialized specifically in muscles that 1 9 5 actuate elaborate sexual displays. Thus, given the importance of androgen-muscle 1 9 6 interactions to these behaviors, we hypothesize that myocytic synthesis of androgenic 1 9 7 steroids supports fine motor control of movements that underlie effective communication. There are several ways in which these effects might occur. For example, androgens might 1 9 9 act via the SYR to increase its muscle mass [11] , enhance its capacity for neuromuscular 2 0 0 transmission [41, 42] , modulate its fiber type composition [43, 44] , and/or calcium 2 0 1 cycling machinery [45] . Such changes boost force production and the speed of muscle 2 0 2 1 1 contraction, and thus facilitate rapid temporal features of song [44, 46] . Several of these 2 0 3 acoustic parameters-including the on-and offset of vocalizations, rapid modulation of 2 0 4 sound frequency and amplitude, as well as the rapid switching between contributions of 2 0 5 the two sound generators-likely play a critical role in how a male's singing ability is androgen-SYR interactions are vital to a male's ability to copulate. Many of these same principles also likely apply to the woodpecker LC. This 2 1 8 muscle helps actuate the swift hammering behavior of the drum display [34, 54] , meaning 2 1 9 that the tissue must repeatedly contract and relax at an especially rapid rate [up to 20 Hz; 2 2 0 33]. Recent work shows that the LC is in fact specialized for this role, expressing high 2 2 1 levels of genes that encode proteins to mediate quick calcium buffering and reuptake 2 2 2
[55]. This should result in rapid muscle relaxation, which in turn increases contraction-2 2 3 relaxation cycling speeds. One way to maintain such machinery is through androgenic 2 2 4 action, which regulates genes linked to calcium cycling in the myocyte [56, 57] . The 1 2 woodpecker LC is likely no exception, given that it is heavily enriched with androgen 2 2 6 receptor [35] . Thus, local synthesis of androgens in this muscle probably supports its 2 2 7 ability to generate a fast drum, which is more effective during territorial combat [33] . the golden-collared manakin (Manacus vitellinus). In this species, androgens act on the 2 3 0 wing musculature to dramatically increase the speed at which males perform acrobatic 2 3 1 courtship displays [14, 58] . Females preferentially mate with faster displaying males, 2 3 2 meaning that sexual selection for rapid display behavior likely drives the evolution of In light of our hypotheses about the function of de novo androgen synthesis in 2 3 5 display muscle, we must also point out that these tissues express steroidogenic gene 2 3 6 transcripts at levels roughly 1-5% of those in the gonads. These levels may at first seem 2 3 7 low; however, we find that they are similar to those found in the brain, which is a known cells are still fully capable of producing functional steroids de novo [24, 63] . It is 2 4 1 therefore likely that display muscle-despite expressing low levels of the genes involved 2 4 2 in steroidogenesis-can produce fully functional androgens. Why might display musculature evolve the capacity to synthesize androgens in 2 4 6 the first place? One reason might be that it helps individuals temporally liberate their 2 4 7 display behavior from functional barriers set by the hypothalamic-pituitary-gonadal axis. A new dimension to androgen-muscle relationships 2 7 2
Our data stress the potential importance of androgenic regulation of muscle However, these findings should not detract from the long-held view that circulating 2 7 5 androgens are critical to the organization and activation of many sexual behaviors. Both 2 7 6 of these models likely apply to most vertebrates, and it is the integration of these two 2 7 7 viewpoints that forwards our thinking about how steroid systems accommodate 2 7 8 reproductive traits. Accordingly, we hypothesize that circulating brain-level androgen 2 7 9 action helps regulate facets of reproductive behavior related to sensory integration, 2 8 0 arousal, motivation, and/or attention [74] . By contrast, we expect that androgens act 2 8 1 through muscle to mediate performance-related aspects of behavior, such as agility, mechanistically and evolutionarily-than previously thought. Here, we find that important display muscles in three different avian species 2 9 0 maintain the machinery needed to undergo de novo androgen synthesis. This trait appears 2 9 1 to be a constitutive specialization of the muscle itself, resembling a similar specialization 2 9 2 of the brain for the ability to produce its own steroid. We hypothesize that androgen 2 9 3 synthesis in display muscle is essential for maintaining its ability to actuate necessary 2 9 4 1 5 signaling behavior outside of the breeding season, and thus is an adaptation to enhance 2 9 5 social communication behavior. All appropriate federal, state, and university authorities approved of the methods specimens at -80°C until they were later processed, at which point we dissected out the 3 0 5 whole brain, gonads, SYR muscle (nuthatches only), LC muscle, and PEC muscle. During these dissections, we also verified that the gonads from each individual were 3 0 7 enlarged to a size consistent with an actively breeding bird. During November to 3 0 8
December of the same year, we passively captured and dissected a set of non-breeding 3 0 9 down woodpeckers (n=3) using the same techniques described above. We similarly 3 1 0 verified that the testes were regressed to a size consistent with a non-breeding bird. Finally, we euthanized adult (age >120 days) male zebra finches (n=5) with an 3 1 2 overdose of isoflurane before dissection. The birds had been individually housed in a 1 6 RNA extraction and reverse transcription 3 1 8
We homogenized each tissue sample in TRIzol Reagent™ using a rotor/stator 3 1 9 homogenizer set to medium speed. We extracted total RNA from these samples with a SuperScript IV Reverse Transcriptase (Invitrogen). Each reaction occurred for 10 min at 3 2 4 55°C, followed by 10 min at 80°C. Using cDNA from the extracted tissues, we amplified the different genes that 3 2 8 encode the proteins that mediate steroid biosynthesis ( Figure S1 ). The primers for the 3 2 9
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